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Abstract 
An electrochemical technique has been applied to enhance the removal of a common 
herbicide (bentazone) from aqueous solutions using an activated carbon cloth as electrode. 
A pH increase from acidic to basic reduces the uptake, with capacities going from 127 
down to 80 mg/g at pH 2 and 7, respectively. Increasing the oxygen content of the carbon 
cloth causes a decrease in the bentazone loading capacity at all pH values. This indicates 
that adsorption is governed by both dispersive and electrostatic interactions, the extent of 
which is controlled by the solution pH and the nature of the adsorbent. Anodic polarization 
of the carbon cloth noticeably enhances the adsorption of bentazone, to an extent depending 
on the current applied to the carbon electrode. The electrosorption is promoted by a local 
pH decrease provoked by anodic decomposition of water in the pores of the carbon cloth.  
Keywords: electrosorption, pesticides, activated carbon cloth 
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1.  Introduction  
Lately, there has been an increasing trend in the total volume of sales of agricultural 
pesticides, being herbicides one of the biggest groups used in the European Union (EU). 
Their repetitive utilization to maintain health crops has lead to an increase of their level in 
wastewater from industrial and human activities. Moreover, pesticides are considered by 
the EU as priority pollutants (Directive 2000/60/EC) as they are highly noxious, long-term 
persistent and highly mobile throughout the environment, and most of them also present 
carcinogenic properties. Therefore, the issue of their removal has become a field of 
growing interest. Pesticides are commonly present in low concentrations, and seldom 
exceed water-quality standards. However, high concentrations can appear in surface water 
during runoff in agricultural areas soon after pesticide application to the farm field, and in 
water from urban basins as a consequence of urban development and abusive household 
uses.   
Intensive interest has arisen in recent years on the development of procedures for the 
purification of wastewater. Among the conventional methods, biological treatment is by far 
the most widely applied and a cost effective one. Unfortunately this alternative cannot deal 
with the non-biodegradable organic compounds (aromatics, polycylic aromatic 
hydrocarbons, pesticides) present in wastewater, which in addition are very often inhibitors 
of the biological processes. These compounds have to be eliminated by high cost and 
irreversible methods, which make the whole process not affordable from an economical 
point of view. Reverse osmosis, ion-exchange resins and adsorption on activated carbons 
are among the most utilized (Karanfil, 2006; Pintar, 2005; Hinkebeina and Price, 2005). 
Their major drawbacks are a poor economic feasibility, a limited applicability and 
effectiveness, and a short lifetime due to low regeneration capacities.  
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On the other hand, electrosorptive techniques employing high surface area electrodes of 
nano-textured materials (such as activated carbons) have been developed as a potential 
technology for removing toxic pollutants from aqueous solutions (Oren and Soffer, 1983; 
Alfarra et al., 2002; Niu and Conway, 2002a-c; Niu and Conway, 2003; Matlosz and 
Newman, 1986; Ying et al., 2002; Afkhami and Conway, 2002; Ayranci and Conway, 
2001; Han et al., 2006a,b). The working principle of electrosorption is based on imposing 
an external electric field in order to force charged species such as ions to move toward 
oppositely charged electrodes.  
Until now, extensive research has been carried out on the electrosorption of toxic inorganic 
ions (Oren and Soffer, 1983; Alfarra et al., 2002; Matlosz and Newman, 1986; Ying et al., 
2002; Afkhami and Conway, 2002) and a few organic molecules -i.e., phenol and aniline- 
(Niu and Conway, 2002a-c; Niu and Conway, 2003; Ayranci and Conway, 2001; Han et al., 
2006a,b). Although the results have shown good efficiency of ions removal, and that 
polarization of the carbon surface in a suitable electrolyte could, to some extent, improve 
the adsorption of some organic pollutants, scarce works report the application of this 
technique to the removal of pesticides or more complicated polycyclic aromatic compounds 
(Niu and Conway, 2002a-c; Niu and Conway, 2003; Ban et al., 1998). In this regard, the 
adsorption of pesticides constitutes an interesting field of research due to their increasing 
use in both industrial and domestic applications. Particularly, the use of bentazone, a post-
emergence herbicide, has become very popular for the control of broad-leaved weeds and 
crops since 2003 after the ban of atrazine in the EU. In association, the herbicides alachlor 
and bentazone can be substituted for atrazine to provide the same spectrum of action on 
weds in cereals grains crops (mainly maize and rice), resulting in new environmental risks 
(Dousset et al., 2004). Moreover, this herbicide has a relatively high mobility in water. So 
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far, bentazone adsorption has been reported on carbon materials, although neither the use of 
electrochemical techniques, nor the effects of the adsorbent properties on the overall 
adsorption capacity have been yet explored (Ayranci and Hoda, 2004).  
The main objective of this research is to explore the application of electrosorptive 
techniques for the removal of bentazone, using activated carbon cloth as electrode. The 
efficiency of the electrosorption process was carefully investigated. Special attention was 
paid to the many factors (heterogeneity of the carbon surface, solution pH, current) that 
affect the complex process of adsorption and electrosorption from diluted solutions.  
2.  Materials and methods 
2.1.  Materials 
A commercial activated carbon cloth -AX-, obtained from physical activation of rayon and 
supplied by ACTITEX (France) was chosen for this study. Before usage, AX was washed 
with distilled water at 60 ºC during one week. Then, it was dried at 80 ºC overnight and 
stored in a dessicator until use. In order to modify the surface chemistry, the carbon cloth 
was oxidized with ammonium persulfate in water solution as described elsewhere (Ania et 
al, 2004). After oxidation, the sample was washed and dried at 110 ºC overnight; it will be 
labeled as AXO. Bentazone [3-Isopropyl-1H-2,1,3-benzothiadiazin-4(3H)-one-2, 2-
dioxide]- with the highest purity specification was obtained from Aldrich. For clarity, the 
molecular structure of bentazone is shown in Figure 1.  
2.2.  Equilibrium adsorption isotherms in open-circuit (OC) 
Adsorption of bentazone from aqueous solutions was measured at room temperature in a 
stirred batch system. Kinetic studies revealed that the adsorption equilibrium was 
established after 3 days. Details of the procedure followed for the measurement of the 
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adsorption isotherms are described elsewhere (Ania et al., 2004). Briefly, different amounts 
of carbons (from 5 mg to 100 mg) were weighed and added to flasks containing 0.05 L of a 
bentazone solution of concentration 20 mg L-1, and shaken for 72 h. Equilibrium 
concentrations of the solutions were measured using a UV spectrometer (Uvikon Xs, Bio-
TEk Instruments) at the corresponding maximum absorption wavelength depending on the 
solution pH. The equilibrium data were fitted to the so-called Langmuir-Freundlich (LF) 
single solute isotherm (Derylo-Marczewska et al., 1984), which has the equation:  
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where qe is the adsorbed amount of solute per unit gram of adsorbent, qo is its maximum 
adsorption per unit mass of the adsorbent, K is the Langmuir-type constant defined by the 
van’t Hoff equation, and the exponential term n represents the heterogeneity parameter. The 
effect of solution pH on adsorption in OC was investigated using HCl/KCl 0.1 M (pH 2) 
and phosphate (pH 7) buffers.  
2.3.  Kinetics of adsorption / electrosorption  
Kinetics of adsorption/electrosorption were determined in 20 ml of bentazone aqueous 
solution (initial concentration 20 ppmw) with a fixed adsorbent mass (11 ± 0.5 mg). 
However, due to the low electrical conductivity of the pesticide solutions, 0.01 mol.L-1 
Na2SO4 (having a pH around 5-6) was used as inert supporting electrolyte for the 
electrosorption experiments. The carbon cloth was cut in desired dimensions, weighed 
accurately, and attached to a gold disk used as current collector, this acting as working 
electrode. A platinum grid served as an auxiliary electrode and Hg/Hg2SO4 as reference 
electrode. Small samples of the solution (2 mL) were taken out at predetermined time 
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intervals to measure the pH evolution and the concentration of the pollutant during 
sorption, using UV spectrophotometry. This procedure enabled to investigate kinetics of 
adsorption under both open-circuit (OC) and polarization at different current values of 
+ 1, + 2 and + 5 mA (i.e., galvanostatic mode). The adsorption rate constants were 
determined from the first-order adsorption kinetics equation, 
( )
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where Kads (min-1) is the adsorption rate constant and qe and q are the amounts of bentazone  
adsorbed (mg g-1) at equilibrium and time t (min), respectively.  
2.4.  Textural and chemical characterization of the carbon cloths 
Nanotexture of the carbon cloths was characterized by N2 adsorption at -196 ºC 
(Autosorb-1, Quantachrome). Before the experiments, the samples were outgassed under 
vacuum at 120 °C overnight. The isotherms were used to calculate the specific surface area, 
SBET, total pore volume, VT, and pore size distribution using the density functional theory 
(DFT). Additionally, the distribution of pores smaller than 0.7 nm (narrow micropores) was 
assessed from CO2 adsorption isotherms at 0 ºC with DR formulism. The different types of 
surface functional groups were identified by X ray photoelectron spectroscopy (XPS) using 
an Escalab MK2 (VG Instrument) equipped with an X-ray aluminum source (Kα radiation). 
The materials were further characterized by the determination of the point of zero charge 
(pH PZC) by mass-titration as described elsewhere (Noh and Schwarz, 1989). 
3.  Results and discussion 
3.1.  Characterization of the carbon cloths 
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Nanotextural data of the AX and AXO cloths are presented in Table 1. In both cases the 
nitrogen adsorption isotherms belong to type I in the BDDT 
(Brunauer-Deming-Deming-Teller) classification (Brunauer et al., 1940), which indicates 
that the carbons are mainly microporous, even after modification. The oxidized sample 
AXO shows minor changes in the pore volumes, as compared to the initial counterpart. This 
affects mainly the pores of larger size (mesopores), as evidenced by the pore size 
distribution (PSD) evaluated by the DFT method. An exhaustive analysis of the PSD 
combining the information of N2 and CO2 adsorption isotherms also corroborates this fact, 
as the narrow microporosity evaluated from the CO2 data remains almost constant in both 
cloths. It can be inferred from these results that the carbon cloth modification turns out in 
almost negligible alterations in microporosity, and a slight increase in mesopore volume.   
The nature of the functionalities created on the carbon surface after the oxidation with 
ammonium persulfate was studied by XPS (Table 1). It can be seen that oxidation turns out 
in a three-fold increase of oxygen amount in the AXO sample. Mainly quinone-like and 
carboxylic groups were introduced on the carbon matrix after oxidation. As expected, the 
oxidized sample becomes more acidic (pHPZC = 2.5) confirming that the majority of the 
functionalities created are of an acidic nature. The presence of oxygen functionalities was 
also confirmed by the electrochemical characterization of the carbon materials by cyclic 
voltammetry in 1 mol.L-1 H2SO4. In the case of the AXO sample, a reversible hump 
appeared in the voltammogram, due to redox transfer transitions involving proton exchange 
between the electrolytic medium and the oxygen-containing functionalities incorporated to 
the carbon matrix. The position of the cathodic and anodic peaks confirms the existence of 
the quinone/hydroquinone pair (reduction potential close to -0.15 V vs. Hg/Hg2SO4 for 
carbons (Kinoshita, 1988) in various environments.  
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On the basis of these results, it can be concluded that the porous features of the cloth were 
not much altered upon oxidation in mild conditions. Hence, it is possible to modify the 
surface functionality of an activated carbon without changing considerably the porous 
texture. In this way, a proper understanding of the role of activated carbon surface 
functionality in the retention of toxic pollutants from aqueous medium at low concentration 
can be acquired. 
3.2.  Adsorption of bentazone at open-circuit (OC)  
Adsorption kinetics must be investigated in order to determine the time necessary for 
reaching equilibrium, and to elucidate the mechanism of the adsorption process. The rate of 
bentazone adsorption on both carbons was compared at different pH values by measuring 
the variation of concentration as a function of time, using solutions of equal volume and 
initial concentration and carbon-cloth pieces of equal mass. In all cases, the experimental 
data were fitted by a pseudo-first-order kinetics, with correlation coefficients higher than 
0.98 (Table 2). This result is in good agreement with those reported by Ayranci et al. on a 
carbon adsorbent with more developed porosity (Ayranci and Hoda, 2004).  
Figure 2 shows different adsorption behaviors, being the adsorption rate much faster for the 
non oxidized carbon cloth -AX-, and also in acidic medium, the later being more significant 
in the AXO sample. Consequently, surface functionalities of acidic nature have a negative 
effect on the overall adsorption rate, whereas regarding the solution pH, the adsorption 
proceeds faster in acidic medium in both carbons, suggesting an effect of electrostatic 
interactions. The different adsorption rates might be explained in terms of the pesticide 
structure and/or surface functionality of the carbon cloths. This issue will be more 
extensively discussed later.  
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For the purpose of understanding the role of different surface heterogeneities on the 
mechanism of bentazone adsorption, the adsorption under equilibrium conditions was 
evaluated. The experiments showed that the pesticide concentration remains unchanged 
after 24–48h contact with the carbon cloth. Therefore, a contact time of 48 h was selected 
for evaluating the adsorption isotherms at open-circuit (OC). The obtained isotherms at 
different pH values are shown in Figure 3. Their shape indicates that they belong to the L-
type in the Giles classification (Giles et al., 1960), which suggests that bentazone is 
preferentially adsorbed than the solvent (water) on the carbon substrate. In most cases, the 
adsorption isotherms show a tendency to reach a plateau at a high equilibrium 
concentration of bentazone (i.e., low dose of adsorbent) indicating that the saturation limit 
is attained. Following the same trend obtained for kinetics measurements, the adsorption 
capacity decreases promptly after oxidation, regardless the solution pH; the adsorption 
capacity is higher in those activated carbons with a low concentration of surface oxygen 
groups, i.e., the AX sample. 
The adsorptive capacity of the carbons was obtained after fitting the experimental data by 
the Langmuir-Freundlich (LF) model. The results are shown in Table 3, along with the 
parameters of surface heterogeneity and the correlation coefficient. According to the results 
observed, the adsorption capacity decreases drastically in the oxidized carbon, regardless 
the solution pH, although this effect is more remarkable with increasing pH. Since the 
analysis of the textural properties of the carbons after oxidation revealed very small 
changes in the porous network, this behavior is certainly linked to the functionalities 
created on the carbon surface. Moreover, for a given cloth, the uptake is larger under acidic 
pH conditions (Table 3), where the neutral form of bentazone is predominant in solution, 
suggesting that bentazone is preferentially adsorbed in a molecular form.  
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Due to the complex structure of bentazone (Figure 1), several adsorptive forces may occur 
simultaneously. Given the aromatic structure, dispersion forces should be expected between 
the π electron density of the graphene layers on the carbon cloth and the aromatic ring of 
the adsorbate. Also, some specific localized interactions might arise from the polar groups 
(i.e., sulfoxide and carbonyl- type).  The decrease of adsorption rate observed after 
oxidation is most probably due to the alteration of the π electronic density on the carbon 
surface as a result of its functionalization. It is well-known that the oxygen functionalities 
are mainly located at the edges of the basal planes and the entrance of the pores in activated 
carbons (Donnet, 1982). Taking this into account and being the majority of surface groups 
of electron-acceptor character (Table 1), functionalization of the carbon cloth withdraws π-
electrons from the graphene layers, and then the contribution of dispersive interactions to 
adsorption is lessened.      
Competitive adsorption of water molecules must also be considered, since the carbon cloth 
becomes more hydrophilic upon oxidation. The oxygen groups are ideal sites for water 
adsorption, favoring the creation of water clusters at the entrance of the pores. Those 
hydration clusters might effectively reduce and/or hinder the accessibility and affinity of a 
polyaromatic molecule as bentazone to the inner porous texture (Franz et al., 2000) of the 
carbon. This would also explain the slower adsorption rate of AXO vs the AX sample. 
Hence, the surface is more densely populated by bentazone molecules for carbon materials 
with the smallest oxygen content and the largest regions of high π-electron density.     
As for the effect of the solution pH, loading capacities increased at acidic pH in both 
carbons. Therefore, it seems reasonable to link such a behavior with two factors: the 
ionization of the adsorbate and the charges on the carbon surface. The possible interactions 
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between the carbon cloth and bentazone would be either dispersive interactions between the 
aromatic ring and the π electrons of the graphitic structure, or electrostatic 
attraction/repulsion when ions are present. 
On the first hand, pH changes affect the dissociation of the bentazone molecule. Bentazone 
is a weak acid with a pKa of 3.3; thus, it exists predominantly in anionic form under pH 
conditions near neutrality. According to the dissociation constant, the neutral molecule is 
the main structure in solution at pH 2 accounting for 95 mol %. By contrast, the conversion 
of bentazone to its anionic form starts to be important in the pH range of 4-6. At pH 4 the 
anionic form accounts for 83 mol % and at pH 6-7 it represents more than 99 mol %.  The 
decrease of amount adsorbed at higher pH (anionic form predominant in solution) suggests 
a weaker interaction of the carbon surface with deprotonated (anionic) bentazone than with 
its neutral form, and consequently that the adsorption is dominated by dispersive 
interactions between the pesticide and the adsorbent surface. Similar results on the pH-
dependence of bentazone adsorption on soils and clays have been reported (Boivin et al., 
2004; Boivin et al., 2005; Grey et al., 1996).                     
On the other hand, pH changes also affect the adsorptive process through functional groups 
dissociation on the adsorbent surface; the carbon surface may be either positively or 
negatively charged depending on the nature of the carbon cloth. At a given pH, the carbon 
surface and the adsorbate species may coexist in a complex system, in which the same or 
opposite charges maybe present, resulting in some widely different adsorption schemes.    
When adsorption occurs from the un-buffered solution (pH∼5.5) or at pH 7, bentazone 
ionization is dominant (pH>>pKa) and additionally negatively charged surface sites exist 
on the carbon surface (pH∼/>pHPZC). Therefore the adsorption capacity is drastically 
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reduced since negative charges along the edges of the graphitic layers repel the bentazone 
anions, thereby reducing access of ions to the graphene surface (reducing dispersive 
interactions). At acidic pH in contrast, the negative charges at the edge of graphene layers 
are neutralized (all acidic groups are protonated and bentazone is mainly non-dissociated); 
thus repulsive electrostatic interactions are minimized and adsorption is enhanced. This 
effect is more remarkable in the AXO sample.  
3.3.  Adsorption of bentazone under polarization 
To ensure that bentazone is not oxidized or reduced during the electrosorption process, the 
electrochemical stability of the pesticide was investigated. Cyclic voltammograms of the 
aqueous 0.01 mol.L-1 Na2SO4 solution, with and without the targeted pollutant, were 
recorded at a scan rate of 20 mVs-1 in the potential range between - 0.85 and + 1.25 V vs 
Hg/Hg2SO4. No differences were found in the cyclic voltammograms when the herbicide is 
present in the solution; this was confirmed by monitoring the UV absorption spectra, which 
indicated that bentazone is stable in this potential range.                
Anodic polarization (positive) was applied to the carbon cloth at constant current (i.e., 
galvanostatic conditions) in the un-buffered solution, which resulted in an enhancement of 
the adsorption rate, as it can be seen in Figure 4. Increasing the anodic current from + 1 mA 
to + 5 mA substantially improved the adsorption rate, as it can also be seen from the 
parameters of first-order kinetics (Table 2). Figure 5 shows that positive polarization causes 
a rise of electrode potential, the latter being more important with increasing the applied 
current. The electrode potential reaches values that enable the electrolyte decomposition at 
the working electrode according to: 
2H2O → O2 + 4H+ + 4e- 
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The generation of protons in the pores of the working electrode gives rise to a local pH 
decrease, which we believe should be responsible for the improved adsorption rate, given 
that the ionization of bentazone and the charge of the carbon surface functionalities are 
being altered. This generation of protons causes the protonation of the anionic bentazone 
form (predominant in un-buffered solution, as stated above) to the neutral form, thus 
enhancing the adsorption rate, which confirms the trend observed in OC.  
It should also be mentioned that, due to oxygen evolution, a slight functionalization of the 
carbon cloth might occur. Oxidation can also cause a collapse of the porous texture of the 
carbon cloth, particularly if it is carried out under sever conditions (Harry et al., 2007; Park 
and Kim, 2004). In this study, the mild experimental conditions of the electrochemical 
treatment (current up to +5 mA during 3 hours) prevented a large deterioration of the 
porous texture of the AX carbon cloth, with a 12 % decrease in the micropore volume 
evaluated by CO2 adsorption (after anodic oxidation in the absence of the adsorbate, to 
eliminate any effect due to adsorption). Based on the mechanism proposed for adsorption 
under OC conditions, modification of surface functionality could have a negative effect on 
bentazone uptake. Since it is not the case, one has to conclude that oxygen evolution 
produces either acidic groups in small amount or surface groups which dissociation is not 
pH dependent.  
Therefore it is reasonable to presume that bentazone is electrosorbed via π-π dispersive 
interactions with the aromatic ring approaching to the carbon surface (Figure 6). Attractive 
electrostatic interactions between the anionic form of bentazone (if still remaining in the 
solution) and the positively charged carbon surface (induced by the anodic polarization) 
might also occur to some extent (Figure 6). A similar mechanism and orientation has been 
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proposed for electrochemical enhanced adsorption of aniline on activated carbon fibers 
(Han et al., 2006), with electrosorption taking place through the aromatic ring approaching 
the charged carbon surface. Hence, in non buffered Na2SO4, it might be concluded that the 
pesticide shifted to its neutral form due to local pH changes in the pores of the carbon 
electrode, becoming adsorbed on the carbon cloth to a larger rate, as evidenced by the 
kinetics and equilibrium adsorption isotherms in OC.    
It is interesting to point out that the passage of charge in the non-buffered solution gave rise 
to a slight pH increase (up to one unit increase). This is linked to the faradaic production of 
OH- ions at the counter electrode during polarization. Although the OH- ions created should 
be neutralized by the H+ liberated at the working electrode, in this case the pH balance does 
not apply because the anodic process includes the non-faradaic charging (electrical double 
layer) of the high surface area carbon cloth. This behavior has also been reported for the 
electrosorption of azine-type pollutants (Niu and Conway, 2002a). Although the increase is 
small, this might appreciably affect the efficiency of the electroadsorptive removal of the 
pollutant. In other words, the generation of protons at the working electrode seems to be 
critical for the enhancement of the electrosorption.  
Keeping in mind the seek of possible applications of these electrosorption properties, in situ 
absorption spectra of the bentazone solution were recorded upon anodic polarization. The 
absence of line shift while polarization is applied (Figure 7) confirms the structural 
integrity of bentazone even at the high cell potentials reached during the electrosorption 
experiments.  
To summarize, it seems that local pH is the main factor which controls the adsorption and 
electrosorption of bentazone, and that bentazone is mainly trapped via π-π dispersive 
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interactions with the aromatic ring approaching to the carbon surface. To corroborate this 
mechanism, thermogravimetric analyses were carried out on the AX and AXO samples 
before and after bentazone adsorption at open circuit (OC) conditions in the un-buffered 
solution. The desorption profiles of both samples are shown in Figure 8. The first peak at 
temperatures lower than 100 ºC, is assigned to the removal of physisorbed water. The peaks 
at temperatures higher than 400 ºC, which appear in the oxidized cloth before and after 
adsorption, are linked to the decomposition of the surface functionalities (Bandosz and 
Ania; 2006). The profiles of AXsat and AXOsat also show a new peak centered at around 
280 ºC which was not detected before the uptake, and thus it is assigned to the bentazone 
physisorbed in the porous texture of the carbon cloth. In the case of the oxidized carbon, 
AXOsat, there is a small overlap of this peak with the one attributed to the decomposition of 
carboxylic groups, which is also present before bentazone adsorption. Nevertheless, after 
adsorption the intensity of the peak increases, due to the bentazone desorption. It is 
important to remark the absence of a second peak at higher temperatures, observed for 
instance in the case of other organic molecules (i.e., phenol) (Ania et al., 2005), which 
indicates a lack of specific interactions between the surface functionalities and the 
bentazone molecule. Therefore, this result demonstrates the proposed mechanism for the 
adsorption and electrosorption of bentazone, based exclusively on non-specific (dispersive) 
interactions between the aromatic ring of the adsorbate and the graphene layers of the 
carbon cloth, which would take place in the microporosity. Despite the molecule shows two 
well-delimited parts of different polarity (i.e., the aromatic ring and the functionalities), no 
specific interactions involving the functionalities are occurring.  Consequently, it can be 
inferred that the adsorption rate of this herbicide is mainly controlled by the solution pH 
and it can be improved by polarization on carbon-based electrodes as discussed above.  
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The relatively high temperature of the desorption peak (Figure 8) suggests that adsorption 
takes place mainly on surface active sites of high adsorption potential; this is in pores 
whose dimensions match those of the adsorbate (i.e, narrow micropores). It should be noted 
that this desorption peak appeared at almost the same temperature for both carbon samples, 
regardless of the amount of surface groups on the surface, suggesting that the same 
adsorption forces are involved in both cases. This is consistent with the similar textural 
properties of the carbon cloths.   
Support for the role of narrow micropores in bentazone adsorption was provided by the 
analysis of the samples porosity after adsorption (Table 1). For this purpose, N2 and CO2 
adsorption isotherms were recorded for the samples loaded with bentazone, after being 
washed with water to remove the excess of the adsorbate on the outer part of carbon, and 
dried at 120 ºC. Before the experiments, the samples were outgassed at 120 ºC under 
vacuum. The main difference as a result of bentazone adsorption is a decrease of the 
micropore volume. This effect is especially remarkable in the AX sample which has the 
lower oxygen content. The same trend can be observed from the CO2 adsorption isotherms, 
underlining the important role of the narrow micropores in bentazone uptake. The highest 
decrease in CO2 uptake after adsorption corresponds to the non-modified sample -AX-, 
which is in good agreement with the largest adsorptive capacity achieved for this sample.  
4.  Conclusions 
The adsorption/electrosorption of a common herbicide in aqueous solution by an activated 
carbon cloth was investigated and, based on the results, a mechanism of adsorption is 
proposed. The adsorption process depends on two important factors: the solution pH and 
the degree of functionalization of the carbon surface. Oxidation of carbon diminishes both 
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the loading capacity and the adsorption rate of bentazone, while acidic solution pH seems 
to favor the uptake.  
Two types of interactions are possible between the carbon cloth and bentazone: dispersive 
interactions between the aromatic ring and the π electrons of the graphitic structure; an 
electrostatic attraction/repulsion when ions are present. The adsorbate ionization and the 
adsorbent’s surface charges control the electrostatic interactions. The adsorption is 
drastically reduced when deprotonated acidic groups on the edges of the graphitic layers 
repel the bentazone anions. Furthermore, the surface groups control the adsorbent polarity 
which enables the competitive water adsorption, thus preventing dispersive interactions.  
Applying an anodic polarization to the carbon cloth enhances the adsorption rate of 
bentazone. Moreover, this kind of experiment enables to better understand the adsorption 
process, and to clarify the role of pH in the overall process. Local pH changes occurring in 
the pores of the working carbon electrode during polarization seem to be critical for the 
enhancement of bentazone removal. Due to the high electrode potentials reached, protons 
are generated in the working electrode during polarization and the rate of adsorption is 
thereby enhanced. These results corroborate those obtained at open circuit conditions and 
enable to propose a mechanism of adsorption/electrosorption of bentazone on carbons 
through a main contribution of π-π dispersive interactions. 
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 Figure 1.  
Molecular structure of bentazone, keto-enol tautomerism (Peter et al., 1999) and 
dissociation equilibrium. 
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Figure 2.  
Concentration decay curves of bentazone on the carbon cloths AX (solid symbols) and 
AXO (empty symbols)  at different pH conditions. The initial concentration of pesticide (20 
ppm) and the mass of carbon-cloth (11.5 mg) were the same in all cases. The pH of the 0.01 
mol.L-1 Na2SO4 supporting electrolyte solution is ∼5.5. Symbols represent experimental 
data and the solid lines the fitting to the kinetics model. 
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Figure 3.  
Equilibrium adsorption isotherms of bentazone on the carbon cloths AX (solid symbols) 
and AXO (empty symbols) in OC at different values of solution pH. The pH of the 0.01 
mol.L-1 Na2SO4 supporting electrolyte solution is ∼5.5. Symbols represent experimental 
data and the solid lines the fitting to the LF equation.  
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Figure 4.  
Concentration decay curves of bentazone on the AXO cloth under open-circuit (OC) and 
anodic galvanostatic polarization, in a non-buffered solution (0.01 mol.L-1 Na2SO4 as 
supporting electrolyte). The initial concentration of pesticide (20 ppm) and the mass of 
carbon cloth (11.5 mg) were the same in all cases. Symbols represent experimental data and 
the solid lines the fitting to the kinetics model. 
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Figure 5.  
Changes of working electrode potential upon anodic polarization at constant current using 
the AXO sample as electrode. 
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Figure 6.  
Schematic representation of possible adsorption sites of bentazone on the carbon cloth 
under anodic polarization: A) through the aromatic ring; and B) ionic interaction through 
the negative charge on the bentazone molecule. 
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Figure 7.  
Changes in the UV spectra of the bentazone solution while anodic polarization is being 
applied.  
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Figure 8.  
Differential thermogravimetric analysis (DTG) under argon of the two carbon cloth 
samples before and after (sat) bentazone adsorption in open-circuit conditions. 
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Table 1.  
Textural and chemical characteristics of the studied cloths before and after (sat) bentazone 
adsorption.  
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Table 2.  
Adsorption/electrosorption parameters of first-order adsorption kinetics for bentazone at 
different values of solution pH (pH ∼5.5 for 0.01 mol.L-1 Na2SO4)  
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Table 3.  
Langmuir-Freundlich isotherm parameters for bentazone removal at different pH values 
(pH ∼5.5 for 0.01 mol.L-1 Na2SO4)  
 
 
